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Abstract 



The primary goals of this study were to assess the generic limits and monophyly of Arabidopsis and to investigate its 
relationships to related taxa in the family Brassieaceae. Sequences of the internal transcribed spacer region (ITS- 1 and 
rrS-2) of nuclear ribosomal DNA, including 5.8S rl)NA, were used in maximum parsimony analyses to construct 
phylogenetic trees. An attempt was made to include all species currently or recently included in Arabidopsis , as well 
as species suggested to be close relatives. Our findings show that Arabidopsis. as traditionally recognized, is polyphyletic. 
The genus, as recircumscribed based on our results. (1) now includes species previously placed in Cardanurwpsis and 
Hylandra as well as three species of Arabis and (2) excludes species now placed in Crucihimalaya, Beringia , Ohmar- 
abidopsis , Pseudoarabidopsis , and lanhedgea. 

Key words: Arabidopsis , Arabis , Beringia. Brassieaceae. Crucihinialaya , ITS phylogeny, Olinia rabid ops is , Pseudoar- 
abidopsis. 



\rabidopsis thaliana (L.) Heynh. was first ree- netic studies and has played a major role in un- 



ommended as a model plant for experimental fi- 
nches over a half century ago (Laibach, 1943). In 



derstanding the various biological processes in 
higher plants (see references in Somerville & Mev- 
rerent years, many biologists worldwide have fo- erowitz. 2002). I he intraspecific phylogeny of 1. 

cused their research on this plant. As indicated by thaliana has been examined by Vander /wan et al. 

Patrusky (1991). the widespread acceptance of 1. (2000). Despite the acceptance of A. thaliana as a 

thaliana as a model organism is attributed to the model organism and the sequencing and mapping 

of its nuclear genome (The Arabidopsis Genome 

of any flowering plant, a low chromosome number Initiative, 2000; Cooke et al., 1996), little is known 

(n — 5), and that its genome contains few repetitive about the other species of Arabidopsis sensu lato, 

sequences and little intergenic spacer DN A. A sur- and their closest relatives, 
prising recent finding by Blanc et al. (2000). how- 



diseoverv that it has one of the smallest genomes 



A small number of molecular phylogenetic stud- 
ever, showed that although A. thaliana lias a re- ies have included a few members of Arabidopsis 



markablv small genome, muc h of the 




is 



I leynh. sensu lato (Price et al., 1994; O'Kane el 



present in more than one copy. In addition to these al., 1996; Galloway et al., 1998; Koch et al., 1999, 

important attributes, A. thaliana has a short gen- 2000, 2001; Yang et al., 1999). However, none of 

eration time (four to six weeks), a small size (dozens these studies attempted to examine all of the taxa 

can be grown in a small pot), and can easily In* either currently or previously included in the ge- 

grovvn on synthetic media (Meyerowitz, 1989; Mey- mis. and they included only a small number of olh- 

erowitz & Pruitt, 1985). The species has been used er, sometimes distantly related, genera. The last 

extensively in developmental, evolutionary, and ge- comprehensive taxonomic account (Schulz, 1924), 
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which recognized I I species, is unsatisfactory. As 



Molecular-based results (O'Kane et al., P)96; 



many as 50 species have been placed in the genus, Kanun et ah. 1095; MummenhoU & llnrka. 1094) 

and, although many ol these are now placed in olh- agree with Lives ( 1961 ) and Hylander's ( 1957) hv- 

er genera (Al-Shehbaz el ah, 1999), their phylo- |>othesis in showing A. thaliana to be most closely 

genetic relationships remain unresolved. Monophy- related to species placed in Cardaminopsis. In an- 

ly ol the genus has not yet been critically licipation of results published here ami to make the 

determined, ami even basic biological information. names available for Holistic works in progress, we 

such as chromosome numbers, generation time, and previously published the needed nomenclatural in- 

breeding system ol tin* members ol the genus, is novations lor tin* genus Arabidopsis (O'Kane & Al- 

lacking. Sbehbaz, 1997) and have established several new 

Generic delimitation is perhaps one of the most genera to accommodate excluded species (Al-Sheh- 
dilficult and frequently encountered problems in baz et ah. 1999). In brief, Arabidopsis includes only 



the systcmatics ol tlx 




(Al-Shehbaz, A. thaliana arxl species previously ine 




ci 



I, 



or 



lanhedgca Al-Shehbaz O'Kane (Al-Shehbaz i\ 



1973; Hollins, 1993), and Arabidopsis clearly dem- suggested to be, in Cardaminopsis (Jones Ake- 

onslrales this problem. There has been a lack of royd, 1993a. 1993b). Species now excluded from 

agreement among taxonomists on the number of Arabidopsis are placed in Thellungiella O. K. 

species that belong to Arabidopsis arxl on the char- Schulz (Al-Shehbaz & O'Kane. 1995). A cotoritlaria 

acters that indicate its generic boundaries (e.g.. Hedge & J. Leonard (Al-Shehbaz & O'Kane. 1 997), 

Ball, 1 993; Live, 1961; Hollins, 1993). The generic 

limits ol Arabidopsis have been highly unnatural, O'Kane, 1999). Crucihimalaya Al-Shehbaz et ah, 

Ar 

and there were ixt well-defined characters separat- OHmandndopsis Al-Shehbaz et ah. and Psrudoar- 

ing it Irom several closely associated genera (but abidopsis Al-Shehbaz et ah (Al-Shehbaz et ah. 

see our taxonomic revision based on the results of 1999), and Beringia Price el ah (Price el ah. 2001 ). 

this current work, O’Kane & Al-Shehbaz, 1997; Al- 
Shehbaz & O’Kane, 2002a). Some individual Am- neric limits ol a morpholo^irally coIhmvmI, mono- 
bidopsis species have been transferred among sev- phylelic Arabidopsis and to reconstruct a robust in- 
eral oilier genera. An example is A. thaliana, which terpretation of its phylogenetic neighborhood. A 



Our primary objectives are to determine* the ge- 



on the basis of Schulzs (1924) synonymy was pre- well-corroborated phytogeny of the group will allow 

viously placed in at least nine other genera, in- better evolutionary interpretations to he made of the 

eluding Arahis L., Conringia Adans., Crucifer a K. 

II. L Krause, Erysimum L, Hesperus L, Nasturtium thaliana . Workers will know which species to corn- 



massive amounts of data now accumulating lor A . 



pan* to A . thaliana when making interpretations of 
evolutionary processes. Furthermore, 






U. Hr., Eilosella kostel.. Sisymbrium F., and Sten- 
opli rag mu Ce I a k . 

Arabidopsis has been closely associated with steps will provide a better understanding ol mor- 
tliree different genera, Canlaminopsis (C. A. Mey.) phological character evolution in tin* Brassieaeeae, 

llayek, Arab us L., and llahmolobos lausch. Schulz a family of great economic importance* fraught v\i 

(1924, 1940) considered its nearest relative to he taxonomic problems related to an under-developed 
Halimolobos , and separated the latter as being 

coarser herbs with tin* styles much narrower than delimitation, 
the fruit, as opposed to Arabidopsis , which were 

seen as slender herbs with the styles slightly nar- M ATKHIALS \NI> Mkthods 

• c* «/ 

rower than the fruit. These alleged differences are 
not mutually exclusive, and species recognized by 
him in one genus can easily be accommodated in 

the other. Love (1961) and Hylander (1957) indi- 



understanding of character evolution and generic 



TAXON SAM I’Ll NO 



\\<* iiK’lialed representatives of all taxa (at least 
at the generic level) that are now or have been bl- 
eated a relationship with Cardaminopsis based on chided in Arabidopsis (e.g., Schulz. 1921; Hedge, 
natural interspecific hybridization. Hedge (I96B) 1965; Jafri, 1975; Al-Shehbaz, I9BB; Hall. 1995). 

suggested a closer relationship between Arabidopsis Taxa shown to lie near Arabidopsis in other moh 

and Arahis and indicated that the two differ only in 



*e- 




ar studies have also been included (IVice et al.. 



the cotyledonary position. He further suggested that 1994; O'Kane el al.. 1996; Galloway et al.. 1WB), 

m 

Arabidopsis wallichii (Hook. I. & I'homs.) Huseli as have a sampling of laxa from elsewhere in the 

probably represents the link between the Iwo gen- Brassieaeeae. Phylogenetic: trees were initial Iv root- 

era. An (1987) and Jafri s (1975) transh *r of several ed by Cleorne lutea Hook, of the Clt 

w 

speeies from Arab'is to Arabidopsis was probably in- family basal to the Brassieaeeae (Hodman (“I al., 

flueneed by Hedge's view. 1993; Judd el al.. 1 994; Hall et al.. 2002). Included 



‘omaceae. a 
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taxa, as well as voucher information and some no- strap support was obtained from 500 replicates rising 
menclatural comments, are given in Table 1. W here a single round of simple taxon addition. Decay values 
possible, plant materials were collected in the field (Bremer, 1988; Donoghue et ah, 1992) were found 
and dried in powdered silica gel. In some cases using the AutoDecay program 4.01 of Eriksson 

tissue was obtained from plants grown from seeds. (1998). Clade Significance (Lee, 2( K K )) was imple- 

W here fresh or dried material was not available, we mented in PALP by the AutoCladeS program (T. Er- 



used tissue from herbarium specimens; the se- 
quence for Arabis scabra All. was obtained from 

GenBank. 



DINA EXTRACTION, PCK AMPLIFICATION, AND 
SEQUENCING 

Total DNA was extracted from dried tissue 
ground in a pinch of sterile sand by a modified 
CTAB procedure as previously described (() Kane 
et al.. 1996). Amplification of the internal tran- 
scribed spacer region (including ITS-1, 5.8S. and 
ITS-2) was done using the conditions given in 
O'Kane et al. (1996) except that some ITS regions 
were amplified as a single unit using primer ITS I — 

18S (5' CGTA A C A AGGTTTCCGTAGG 3') and 

ITS-4 (White et ah, 1990) rather than as two over- 



iksson; available at <http://www.I>ergianska.se/in- 
dex_forskning_soft.html>). We found that this new 
measure of support indicates those clades that have 
the highest support based on the other two measures. 
The information content of the data was assessed by 



the gl statistic (Hillis & Huelsenbeck, 1992) based 
on l(K).(KK) random trees and by the Permutation Tail 

mr 

Probability (PTP) (Faith & Cranston, 1992) based on 

w 

200 heuristic searches of randomized data (PALP* 
parameters as above except simple addition was used 
rather than random addition). 



Results 



In nearly all samples there was no evidence ol 
heterogeneity among individual ITS copies. Rarely, 
two different bases were present al a given position 



lapping pieces. PGR produ icts were purified from . . » , . . 

1 1 ^ 1 1 , 1 as indicated by two bands on an autoradiograph or 

0.8% agarose gels containing 1 X TAP] using W izard 
PC R Preps (Promega). Sequences were obtained ei- 
ther manually using the //no/™ DNA Sequencing 
System (Promega) or from the automated sequencer 
at the University of Iowa using the same primers 
as were used to amplify the product. GenBank ac- 
cession numbers are given in Table 1. Sequences 

of the allotetraploid Arabidopsis suecica (Pries) . . . \ ni 1 » .1 

1 tial analyses used Lleonie liitea as tru 



erozvgosil v 



NorrI. were obtained from cloned PCR product 
previously reported (O'Kane et al., 1996). 



s as 



as two clear [leaks on a chromatogram. In these 
eases the base position was coded using the appro- 
priate ambiguity code. We interpret this rare ^bet- 
as incomplete homogenization of the 
I I S copies and not as evidence of hybridization; an 
individual sequence would show much more vari- 
ation if hybridization were involved. Although ini- 

‘ outgroup. 



inclusion of this taxon added to the complexity ol 
sequence gaps and to areas with ambiguous align- 
ments. Of the taxa included in this study, liertvr- 
oeda maxirnowiezii (Palib.) 0. E. Schulz was found 
to be strongly supported as the basal-most taxon. 
Sequences were aligned with the computer program P urlher analyses, then, used H. maxirnowiezii as the 
MALIGN 2.7 (Wheeler & Gladstein; available at outgroup. The resulting multiple alignment of the 



SEQUENCE ALIGNMENT AND PHYLOGENETIC 
ANALYSES 



v/\ 



internal transcribed spacer region (ITS) was 716 




alignment is available from the first author. Two 
regions of the alignment that were extremely sell- 



ing the following empirically determined parameters: base-pairs in length. Sequences are deposited in 

internal 7. extragap 5, leading 3, trailing 3, matrix 0 GenBank (accession numbers in Table I), and tlu 

3 2 3 3 0 3 2 2 3 0 3 3 2 3 0, aspr, spr, quick, 

keepa2, keept3, and score 2. The matrix parameters 
weight transversions as 3, transitions as 2. inti tial gaps sili\e to alignment parameters and could not be 

as 7, gap extensions as 5, and initial and ending gaps improved by eye (1 14—139 and 461—507) were not 

as 3 (not a factor in our sequences). Most-parsimo- used in the phylogenetic analyses. In all, 384 bases 
nious trees were found using PAUP* 4.01)4 (Swofford. were invariant, 79 were parsimony uninformative, 

2000). In our analyses all characters were considered and 253 were parsimony informative. 



to be of equal weight and gaps were coded as missing 



Parsimony searches yielded 24 distinct most- 



data. Two hundred and fifty replicates of random ad- parsimonious trees of length 951, consistency index 
dition using Pitch parsimony were performed using (Cl) 0.48, consistency index excluding uninforma- 

Tree Bisection Reconnection (TBR), Mulpars, multi- live characters (CIU) 0.43, retention index (Rl) 

= polymorphism, gaps coded as missing, and 0.73, and rescaled consistency index (RC) of 0.35. 
Collapse branches if maximum length is zero. Boot- 



state 



The gl statistic of the data was —0.5982, which 



606 



Annals of the 

Missouri Botanical Garden 




















r. 

/. 















t - 

X 










o 




04 




— — 


nJ 


— 


NJ 


^s| 


*■+ 


to 


to 


to 


to 


to 


r - 


r- 


1 - 


t- 


t - 








rn 
• 1 » 














£ 

'C 






vO 




rv> 

t * * A J 

*4 ^ 'N 












ON 


o 


tO 


tO 




O 


X 


X 


04 


04 


04 


*— 


i— 4 


04 


04 


o 


04 


04 


X 


• T J 


0^ 


to 


to 


rf 


Tf 






tO 

f - 

i o 

t- 

fO 
» » 







04 04 
sC t - 

tO to 
r- r- 
ro ro 























































»o r- t - i - i - 

tO tO to >0 to 

t- r - t - i — i - 






— ** 



vC On 








^ a o 



QQ 2C 53 O O 



'"Tt * * 

X »o 
»o tO 
I- t - 




















Volume 90, Number 4 
2003 



O’Kane & Al-Shehbaz 607 

Phylogenetic Position of Arabidopsis 



d 

2 



2 

o 

CJ 



d 



Cd 




d 

r*. 



cd 

m \ 



4) 

• A 

k 



CD 



o 

3 



d 

d 

c 



2 

o 

£ 



X 
1-0 
t - 
X 



O 

X 

X 

r- 

CO 



04 

LO 

i-O 

o 

CO 



LO 

LO 

CO 



1-0 

iO 

CO 



LO 

LO 

LO 

CO 



Ov 

LO 



CO 

On 

LO 

r- 

co 



04 

On 

LO 

r- 

CO 



h- 

LO 

h- 

CO 



00 

LO 

r- 

CO 



On 

nC 

IO 

co 



r- 

vO 

LO 

r- 

co 



X 

vO 

LO 

r- 

^Oi 



lO 



vO 



w 

LO 

r- 

rO 



LO 

t- 



iO 

r- 

i'V*' 



t- 

to 

t- 



t- 

X 

LO 

I- 

X 



r- 

lO 

t- 

X 



X 

X 

X 

t- 

rr\ 



On 

X 

r- 

x 



x 

r- 

X 



vO 

X 

X 

t- 

CO 



X 

X 

X 

r- 

x 



04 

X 

LO 

r- 

ffO 



• •’ 
X 
X 

r- 

x 



rt* 

X 

X 

t- 



X 

LO 

X 

X 



X 

X 

r- 

X 



on 

X 

X 

r- 

X 



LO 

r- 



x 

o 

LO 

r- 

CO 



CN 

t- 

LO 

t- 

X 



03 



CO 



b£ -2 

W CJ 




04 

X 

VO 



d 

3 



CO, 

X 

X 

On 

n 



d 



O- 



d 

*C 

X 

< 

X 

°3 

d 

3 

03 

*4 

o 

r 

N 

cd 






r 

o 



N 

03 



c n 

i 

< 



d 



CO 

I 



c 

p 

°a 



X 



^ G 



2 

C/3 



— ' C/3 



2 

03 



Cd 03 •-! 



2 

2 

73 



2 

2 

55 



2 

03 



b£ :2 

< £ 



03 



3 7 

b£ 



03 



w 

On 

b£ 



4 ) 



k 



22 



O 



g 

«5 



d 

G 



d 



s 

G 



X 
X 

§ * 
On ' — ' 

k 'O 

d x 

b£ k 

g 5 

S 



W ;2 

32 X 



d 

d 

« 

— 



X *2 



k 
rs 



< 



1 / 

2 

£ X 



0 ) 

c 

03 



d Q 



r- 

N 

o3 



d 

d 

■ 

— 

X 

< 

X 

oa 

d> 

c 

03 

r- 

o 



N 

03 



OJ 



X 

< 

X 

CL 

C 

03 



X 

d) 

c 

cd 



N 

03 



d 



d 



C/3 

s ^ 



d 



N 

03 



< 



in 

i 

< 



d 



m 

i 




d 

C/3 



C/) 

i 

< 



C/3' 

£ 

o 

H 



o 
c 

X P 



c 

X 



C/3 

C/3 

d 



o 



d 



d 

d 



G 'o 

H - 2 



a 



c 

c 

s 



c 

03 

u 

G 

d 



O 

O 

X 



<*5 



G 




X 



cn 

K 

X 



d 

G 



*4 



K d 

®a 



G 

C 



3 



d 

C/3 

C/3 

3 

3 

08 

N 

d 



< 

in 




c 
* % 
d 

S 

d 




£ 

d 




U 

NO 

k. 

d 

k! 

o 



C/3 

C 



o 

X 



o 

X 

0 

X 



c 

d 

x 

d 




U 



in 



x 

NO 



d 

4 : 



d 

b£ 

C 

W 






d -2 



^5 



" ^ L ^ r ^ 

CCS 



k r k 

c 



Vw 






G 
£ 

G 

< 

» 

G 
G 



G 

d 

Kj 

<>5 



03 

X 



G 



G s c 

«5 N L 

v 

% 



d 

O 



G 

d 



d 

k 



k k k 

3 O 



; <o 



in 



03 

u> 



f 

^_5 

Q 

u 







CD 



X 

X 



d 

^0 



in 



<N 

d 



d 

d 

oc 






2 

CD 



C/3 

C/3 

* P—4 

o 

x 

X 

d 

bb 



C/3 




2 O 

.2 cc 

d 

X X 

G S 

XJ -2 



d 



05 



05 



d 



£*a 



r m 



2 

V: 



X 

d 




2 

w 

03 

d 



cc 

5 b 



X 

d 




o. 

X 

X 

X 






NO 

On 

LO 



G 

l~ 



'w 

d 



X 

X 

x 



^0 



. d 

d 

k 



w 

r ^ 

c 



C/3 



d 






X 



C/3 



>3 

N 

Cu 



(• ^ 

w 



c -= 

a; 2 



k N 
03 C 



N 




d 

CD 

W 



a k 

C 03 



— " C/3 

d 2' 

^0 
d 




o <3 



»■ 



C/3 

E 



2 d 

X 



03 O 

k o 
X 



d 

£ 



< 2 

e = 



* iwi J 



G 

G 

G 




r ^ 



CD 






CO 



d 



03 

X 

c£ 



o 

X 



k 

d 



d 



d 



^ N 



C \ 






CD 



2 



COG 



X 

d 



2 2 

r £ •- 

r i 




03 



$■ 

d 



r _ 1 



On 

CN 



X • — - 

o 

X ^ 

CO 1 

G 

^ § 

^0 k 

d 



^ k 



• • Mi 



d 



2“ d 
02 



• V 



03 






N 



=<5 

d 

_bf 

O 

d 



03 



'd 




d 

b£ 






d 
r *n 



d 

Wj 

u 

d 

X 

G 




C/3 

d 



CD 



r ^ 



VN 












k 






G 

d 



G 

d 



G 

03 




On 

'N 

Co, 



*1 



in, Q 2 



N 

ac 



G 



C 

X -2 
£ 3 



C/3 

d 



S 5 



05 

d 



< 

CD 



< 

CD 



2 

X 

S 3 

b£ 



2 

3 

C/3 

E 

03 



2 

C/3 



k. 



W N 



O 



d 



X 



s: 

03 



C/3 



S a § 

C cj 






C/3 ~ 



(• . 






2 

b£ . 5 j 



#- 

d 

d 

73 

C/3 

d 



d 

d 

C/3 

C/3 

d 



X *X <! 






X 



r "s 



CD 



X 
NO 
oc 

W t± CD 



a - t ON 
^ cr; 

^ 06 

jd ^ 

k 

rSj d 

-0 b£ G 

d .S 2 

-G G 

G d 
d d 

^ 02 



On 

00 

CM 



b£ CD 




d 

On 

,£> 00 

^4 



G 

c 

£ 



d d 

Ck2 3 d 



d 



X 

d 

v o 

c if 

03 



H 



X 

^ oa 

r 1 

E d 

d 2 
2 03 



X 

d 

S3 



CsJ 

03 

n 




N 

2 



d 



N 

03 



d 

CD 

1 



N 

03 

D 



•CD 

1 



j 



=a 

d 



oa 

d 



- ib 






03 



X £ X 



C/3 

Q 

ry*\ 



bk 



X 



< 

CD 



2 2 03 



CJ 




CD 



NO 



cn 

w 

d 

G 

Cb 



r 

03 

£ 




N 

On, 

Cn 



d 



G 

G 



03 



r ^ 



Cft 



G “2 



r r A 

J 

■ 



C *-4 -k -k • kT 



G 

"2 



§• 

~c 






c 

c 

C 






rs 



W fk 



CD' CD 




03 

J) 

0 

cj 



CJ 



On 

On 

K 
cv^ 

w 

' ^ ^ 

G 



d 

“2 



d 

G 

5 < 

o 



: c 



■ 1 



2 0^3 



03 



c 

x X g 

-3 ^ >. m* d 

X x’ G 



nJ 

r ^ 



z ■« 



w 

5/5 



w 

C/5 



V 5 



2 

2 

■s 

03 

N 

cd 

U 



t- 

X 

O' 






°a k 






X 

^a 

d 

£ 

X 



N 

03 



03 — 



d 



CD 

1 



d 

X 




G 



CD 



^ V^; 



S G 






. 



c 



x x x, x, a; 



cd 

£ 

2 





— - 4 



!C 

NO 

CVA 



G 

X 




r i 



X 

d 



cd 



d 



d 



Vj 



r- d 



4 r^M 



O 

o 

X 

d 




2 

3 



cd 

o 

CJ 




On 

00 

5 



C^, 



r/3 



X 



Qj 

X 

C 



V 

m a 

<w 

k 

d 



0 

o 

X 

d 





0^ 

oc 

X 

i/s 



0) C 
02 £ 






cd 

r ^ 



^ I 

73 



d 



cd 

N 

cd 



§! 



G G | 

X X A 



ts: 



X 



* r 







X 

tk 

X 

00 



"G 

n 






cd 



G 



A 



X 

r- 



CkU-U-U-XUHU-U-U-k-LkLkLkLkMkkk r Mk[j-UHXCjkU-U-LkXJkk-U-[-kk-LkLk 
<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<< 



cd 



d - 

-x S 

k k 

2 *3 
H U 




C>tn 

On 



b£ 



'W 



cXJ 

N -2 

2 2 

d CD 



r ^ 



2 






2 ?d .d .d 

3 b£ b£ b£ 



d d d 

S £ R 







608 



Annals of the 

Missouri Botanical Garden 



indicates slmng phylogenetic signal in tin* data (C included in Arabidopsis are now placed in Henngia. 

< 0.01). The Permutation Tail Probability (PTP) Cruciliimalaya . Olimarabidopsis , Cseudoarabidop- 

also indicated strong signal (I* — 0.005). Figure I sis. lanhetlgea , Neotoridaria, and Tbellungiella. Ar- 

sbows tin; strict consensus tree of the 21 most par- abidopsis sensu novo is distin guished from other 



simonious trees. 



genera in the Hrassicaceae by having short pelio- 



l)ts< MISSION 



KKI.ATIONSIIII'S AND CIHCUMSCmn'ION <>l- 
ARAHIIfOnSIS 

Tht * relationships amoii^ the species included in 



late hut not aurieulate or ample*\ieaul eauline 
leases, the presence of simple triehomes, these of- 
ten mixed with few-forked ones hut not stellate 
hairs, well-defined basal rosettes at least in young 
plants, white to lavender (rarely almost purple) but 
never vellow flowers, erect to slightly ascending 

P n 



this study are almost entirely consistent with results non-saceate or slightly saccate inner sepals, si- 

previously published for smaller taxon samples in liques at least slightly torn lose, much longer than 

the 



Hrassicaceae focusing on Arabidopsis (e.g.. 



they are wide and glabrous, compressed (rarely 
Price et al., I ( XH; Galloway et al., IW}{; Koch et subterete to terete), seeds uniseriate in the silimie. 



al., 2(KH), 2(K)I ; \ang et al., I ( ) ( ) ( )). lake and cotyledons aeeumbent or rarely incumb< k nt 

* 

• hose studies, our research indicates that Arabidop- (O Kune «!( Al-Shehbaz. 1997). Habil ranges from 
sis as Iradilionally cireuniseribed is a highly artifi- animal lo short- or long-lived perennials, (ihromo- 

cial group. In fact, even the tribe Sisymbrieae, the some numbers vary from .v = n = 5 in A. lludiana 



traditional placement for Arabidopsis (Schulz. 1924, to v = 8 in the remaining species except for A. 

1 936; Al-Shehbaz, 1984, 1988). is itsell artificial. succico. which is an allolelraploid (2// = 2t>) de- 

The confused < ireumscription of Arabidopsis. as rived from A. lludiana (2 n = 10) and 1. arenosa 

based on morphological grounds, was noted in [ire- (I..) Lawalree (2// = 16) (Mummenhoff llurka. 

vious taxonomic treatments. Ilylander (1957: 602). 1994: O'Kane el al.. 1996, and references therein). 

keys to the species and subspecies are given in 



for example, recognized that il Cardaminopsis and 



Arabidopsis are combined, as seemed likely, the O'Kane and Al-Shehbaz (1997). As circumscribed 

limits of Arabidopsis “would thereby be consider- here, the genera Cardaminopsis and Hvlandra A. 

ably widened — or. perhaps more correctly, drawn Love are united with Arabidopsis. Arabidopsis is a 

in <|uite another way. Jones (1964) also indicated monophyletic genus consisting of A. arenosa. A. ce- 

thal two species of Arabis, A. pedemontana Boiss. bennensis (DC.) O'Kane & Al-Shehbaz. A. croalica 



and A. eebennensis DC., might best be included in (Schott) O'Kane K Al-Shehbaz. A. hal/eri (L) 

Cardaminopsis. Thus, at least as early as l ( >64. lax- O'Kane Al-Shehbaz. A. Ivrata (L.) O'Kane xK Al- 

•r \ 

onomic problems were anticipated in Arabidopsis , Shehbaz, A. neglecta (Schultes) 0‘kane & Al-Sheh- 

Cardaminopsis , and Arabis. 



Results from our study are sufficient lo allow a 



baz, A. suecica , and t. thaliana. Although we have 
no sequences of A. pedemontana (boiss.) O'kane & 



revision of the taxonomy of the genus Arabidopsis. Al-Shehbaz, it, too, (dearly belongs in Arabidopsis 

A strongly supported elade (bootstrap support ( )79f , based on its morphological relationship to A. ceben- 
dc H*ay index 6, elade support 0.014; set* Fig. 

containing A. t Indiana , the type species of the ge- 




nensis. 



All other species previously included in Arabi- 
dopsis are more distantly related, especially those 

Arabidopsis. As stated above, we have anticipated Himalayan species now included in Crueibinudaya 

. 



nus, defines the limits of a recircumseribed genus 



tin 



publication of these results by redefining tin 



and the Middle 4 Faslcrn and central Asian Olinmr- 



circumseription ol Arabidopsis (() Kane cK Al-Sheh- abidopsis. Morphologically, Cruciliimalaya differs 
baz, 1007), transferring species to previously rec- from Arabidopsis in that it has at least some stellate* 
ognizeel genera (Al-Shehbaz cV () Kane*, 1005, triehomes, whereas Arabidopsis has forked! tri- 

1 007), and lastly by erecting se*veral ne*w genera chomes. Olimarabidopsis 'differs from Arabidopsis in 



lor species previously included in Arabidopsis (Al- its yellow, rather than white or lavender petals, pu- 



bescent. rather than glabrous fruits, and aurieulate 



Shehbaz eM al., 1 000; Al-Shehbaz & O'Kane, 1 009, 

2002a; Price* e*t al., 2001). N ames in bold t\pc in rather than attenuate or petiolate eauline* leaves. 

Figure* I represent new genera (‘ree led for species Al-Shehbaz et al. (1000) presented an analysis of 

previously include*d in Arabidopsis by other authors, all spe*cie*s formerly placed in Arabidopsis. Base*d 

and the* bold letter “A” indicates species previously on the* results presented here. Arabidopsis is a ge*- 

included in \rabidopsis. In e*very case we* have nus of circumborcal and circum-north-temperate 



nu ide* genera monophvletie 



(sensu Hennig, 1066: 



species. Most spe*cie*s, however, are* e*onfiri<*d to Fu- 



holophyletic of Ashlock, 107 I). Specie's previously rope. Workers conducting comparative* re*se*arch us- 
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0.005 





C. kneuckeri A 
ovczinnikoviifk 
mollissimaf^ 
himalaicafk 

s trie tab Crucih imaia va 

C. waHichiifk 

C. lasiocarpa A 

Beringia bursi folia A 

Sphaerocardamum macropetal urn 



Halimolobos diffusa var. jaegeri 
Halimolobos palmeri var. acutiloba 

Arabis lyal/ii'k 
A rabis drummondii ★ 



Polycolpate 

Clade 



Aerisyrenia linearifona 
Lyrocarpa cou/teri 
Synth! ips is greggii 
Dithyrea cal ijornica 
Dimorphocarpa wislizenii 

Pay sortia stonensis& P. dens ip i/a 
Physaria acutifolia & P. didymocarpa 
Physaria pruinosa 

O. cabulicafk 

O pumila} \ Olimarahidopsis 

O. umbrosa A 



halter i subsp. halier i 

halleri subsp. gentmiferayc 

halier i subsp. ovirensisjT 

lyrata subspp. kamchatica & petraea'/C 

arenosa. A. neglecta, A. suecica (clone 18> /C 
Croat icay^ 

cebennensis'fc Arabidopsis 
thaliana(#2)fk 

t Indiana ( # I ) & A. suecica (clone 19) A 



( 'apsella bursa-pastoris 
Arabis pendula ★ 

Seslia paniculata 
Camel ina microcarpa 

Pseudo arabidopsis toxophylla A 

SmeloM skia calvcina 




Arabis sensu stricto 



Arabis nuttallirfc 

Arabis Jl age II oscry^ 

Arabis scabra 
Arabis a/pina 

Drabopsis nucla 
Seotorularia gamosepala A 
Neotorularia humilis A 
Brava glabella 
Dichasianthus subtilissimus 
Seotorularia torulosa 

Thellungiella halophila A 
Tliellungiella salsuginea A 
Eutrema penlandii 
Thellungiella parvula A 

la nil edged minutiflora A 

Berteroella maximowiezii 

Figure 1. Strict consensus tree of 24 most-parsimonious trees. W hole numbers indicate bootstrap support; values 
in parentheses are t lie* Decay Index; decimal values are Clade Significance. Dashed branches indicate branches with 
50% bootstrap support. Large bold * % /V* indicates species variously placed in Arabidopsis in previous taxonomic 
treatments. Large asterisks indicate species traditionally placed in Arabis. Cenera in bold type are segregates from 
Arabidopsis named elsewhere as a result of these analyses (see Discussion). 
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ill};; .4. llialiana as a model organism can now eon- Eutrema It. Hr. also form a well-supported elade. 

fidently use the oilier species ol a lietter- with Thellungiella being paraphvletic. 

A surprising result ol our study was the discovery 



circumscribed Arahidopsis, all ol which are found 



m the sister group to ,4. thaliana , as experimental of a elade ol speeies all possessing pollen w ith 

organisms. This sister group relationship implies more than tin* usual three eolpi (set* Polycolpate 

that all speeies of Arahidopsis are equally related elade. Fig. I). Palynologieal studies (Rollins, 1979; 

to A . thaliana. Unfortunately, the sister group to the Rollins & Banerjee, 1979) showed that among some 

genus Arahidopsis eannot he given with confidence. genera thought not to he closely related in the Bras- 



\ trichotomy appears below Arahidopsis (Fig. 




sieaceae, eolpi range from four to ten. These gen- 



( Arahidopsis clad e)(“Capsella-Pseiidoarabidopsis" era, according to Schulz (1936), are as follows: 

vUu\e)(**Cruci lii mala ya—Olimarahidopsis ” elade). 



Bhy. 



sari a 




. ex Torr. X A. (irav) A. (Jrav (tribe 

* ' V 

( callow ay et al. (1998), using se(|uences of arginine Fepidicae. subtribe Physariinae), Ditln rea Harv. 

decarboxylase and a much smaller taxon sample a,u * its recent segregate Dimorphocarpa Rollins 



(2R species Irom throughout the family), confident Iv 



(Lepidieae, Iberidinae), Eyrorarpa Hook. «.K llarv. 



placed Capsella in a sister group relationship to (Lepidieae, Lyrocarpinae), Nerisyrenia Greene (as 



\rahidopsis. Unfortunately, their analysis did not 



Creggia A. Cray) and Syntldipsis A. Cray (Lepi- 



mc 



hide any members of t lie “ Crueihinudaya—Oli - deae, Capsellinae), and Ijesquerella S. Watson (Dra- 



marahidopsis " elade. Koch et al. (1999) found, us- 



beae). The results presented here also suggest that 



ing ITS sequences (and with low bootstrap support). wi,hin ,his “polyeolpate elade" taxonomic revisions 
Capsella to be sister to Arahidopsis and Oliniara- needed in Isstpierella and Physaria. We ha\< 



hidopsis , hut their analysis did not include am 



recently united these two genera (Al-Shehbaz & 



members of Crueihinm/aya. Koch et al. (2(K)1) oh- 2(K)2I) )* ^ ^ that the auriculate-leaved 

tained similar results using plastidie mat K and nu- s P ecies formerlv P ,acetl in Us qu erella are recog- 



(dear Ch s s<‘(|uences. Additional work is needed to 
resolve this issue, hut assuming that the "(lapseda— 
Pseudoaralndopsis elade” is sister to Arahidopsis 
app< *ars to he a valid working hypothesis. 



TAXONOMIC IMPLICATIONS KLSKWHKKK IN Till 
HRASSICACLAK 



Although our intent was not to study the genus 



\ rah is in any detail, oui 



* re 



suits 



mirror those 4 ol 



Koch el al. (1999, 2000, 2001) in showing Arahis, 
as traditionally recognized, to he polyphyletic even 
after A . lyrata L„ A . pedemontarui , and 1. cehen- 



nized as a distinct genus, Paysonia (KKane iK Al- 

Shehbaz (O’Kane Al-Shehbaz, 2002). 

Future work in the 4 family will certainly yield fur- 

m m' w 

tlier taxonomic alignments since there is rampant 
morphological convergence (Al-Shehbaz et ah, 
1999; Koch et ah, 1999) and because previous tax- 
onomy in the family has relied heavily on fruit mor- 

• r • 

phology (e.g.. Rollins, 1993; Al-Shehbaz, 1981) to 

the exclusion of floral and vegetative features (Al- 
Shehbaz et ah, 1990). Molecular techniques in con- 
cert with a reevaluation of morphological characters 
are rapidly reshaping our understanding of the fam- 
ily (e.g., Bailey cK Dovle, 1999; Bailey et ah, 2002; 

* X C_ ’ • J m 

Bowman et ah, 2000; Koch et ah, 1900. 2000, 



nensis are transferred to Arahidopsis (Fig. I). In our 20()| . MummenholT & Koch, 1994; Mummenboff el 

ah, 1997a, b, 2(H) I a, b; Price & Palmer, 1996; 
Rodman et ah, 1996; Warwick & Black. 1993. 
1 99 1 ). Characterizing the membership of Arahidop- 
sis and sketching its relationships to related genera, 
we believe, contributes to this growing body of 
knowledge. 



analysis, the genus Boechera A. Love & I). Love 
seems to be tin 4 proper home for x = 7 species like 
A. lyallii A. ( bay and A . drummondii S. Watson. 



though not all of the necessary generic* transfers 
have 4 been made. Arahis in its strictest interpreta- 
tion will consist only of those species in the chide 
with A. alpirui L.. tin 4 leetotvpe of Arahis. Arahis 
glabra (L.) Bernh. belongs to Turrit is L. and 4. pau- 
c [flora (Crimm) (hircke belongs to Fourraea (ireu- 
tc 4 r Burdet (Koch < 4 t ah, 1999). But to which ge- 
nus does A. pendula L. or A. turrita L. belong (Koch 
et ah, 1 999)? Including species once thought to be 
related to Arahidopsis in our study has also raised 
other taxonomic quest ions. I\eotoru!aria % Bra va 
Sternb. & Hoppe, and Dichasianthus Ovcz. & Jun- 
ussov form a well-supported elade (Fig. 1) with 
A eotorulana being paraphvletic. Thellungiella and 
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